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Abstract Plant-symbiotic arbuscular mycorrhizal fungi
(AMF) are of high global ecological and economic impor-
tance, but describing environmental communities of AMF at
the species level remains a challenge, despite the need to un-
derstandAMF-plant preferences and to apply AMF in sustain-
able agriculture. Here, the potato-associated AMF species
community composition was assessed for three Andean coun-
tries along an altitudinal gradient and at different plant stages,
by using 454 GS-FLX+ sequencing of a 760 bp LSU rRNA
gene PCR amplicon. Two methods were compared: defining
OTUs based on a simple sequence similarity threshold, or
affiliating reference sequences to species based on a high
throughput phylogenetic annotation approach using an evolu-
tionary placement algorithm (EPA). The EPA-based approach
was not only more precise, but also fundamental to robustly
unveil the AMF species community composition. The princi-
pal advantage of this approach was also demonstrated by
using artificially constructed datasets based on validated pub-
lic database sequences. The affiliation of sequence reads to
species using phylogenetic annotation revealed a surprisingly
conserved AMF core-species community structure in Andean
potatoes, regardless of different plant stages and environmen-
tal factors. In total, 41 species were detected and in some cases
more than 25 species were found colonizing an individual root
system. Acaulospora species were identified as dominant col-
onizers, co-occurring with Cetraspora nodosa and certain
Claroideoglomus and Rhizophagus species in most potato
root samples.
Keywords 454 pyrosequencing . Andean ecosystems .
Arbuscular mycorrhizal fungi species communities . DNA
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Introduction
In a world confronted with an increasing human population,
one of the main challenges is sustainable food production
without negative impacts on valuable natural resources. While
intensive agriculture promoted during the green revolution
secured food demand over the last decades, it was also accom-
panied by high environmental costs that are nowadays recog-
nized as public health and food production threats (Tilman
et al. 2002). As an alternative, a more sustainable agriculture
respecting the positive impact of many soil microorganisms,
including their potential utilization, has received significant
attention (van Loon 2007; van der Heijden et al. 2008). One
of the most relevant groups of such soil microbes are
arbuscular mycorrhizal fungi (AMF), obligate symbionts of
the vast majority of land plants, including the ten most impor-
tant human food crops (Smith and Read 2008; Brundrett
2009; FAO 2012). In exchange for photosynthesis derived
carbohydrates, AMF transport inorganic nutrients and water
from the soil to the plants and can strongly increase the utili-
zation efficiency of fertilizers, especially the nonrenewable
phosphorus (P) (Tawaraya et al. 2012). Therefore the use of
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AMF as inoculum for agricultural purposes is promising and
may be most important for P-demanding crops such as potato
(Solanum tuberosum) (Dechassa et al. 2003).
Potato has a worldwide increasing value (Birch et al. 2012)
and is the 4th largest food crop with a production of 365 mil-
lion tons (Mt) reported in 2012, following maize, rice and
wheat (FAO 2012). Cultivated potato originated in the Andean
region (Spooner et al. 2005) where nowadays it is a staple crop,
and therefore increasing the yield of native potato cultivars by
using AMF is a topic of interest (Davies et al. 2005). However,
although AMF have been found colonizing plants at high alti-
tudes in the Andes, at the Bolivian Altiplano (Urcelay et al.
2011) and up to 5,250 m (Schmidt et al. 2008), so far there are
no studies analyzing the AMF community composition of po-
tato in Andean ecosystems. Moreover, the general knowledge
about AMF species colonizing potato roots is scarce, even
though a better understanding of preferential AMF-host asso-
ciations would facilitate the specific selection of AMF to be
used as inoculum in sustainable agricultural practices. The
identification of AMF in plant roots can only be obtained by
using molecular markers. Although DNA-based detection is
frequently used for field samples, the taxonomic level of reso-
lution usually is undefined and concise information of the
AMF species community composition remains unknown. For
molecular ecological studies, the small subunit (SSU) (Öpik
et al. 2013) and/or internal transcribed spacer (ITS) (Redecker
2000) and/or the large subunit (LSU) rDNA regions (Mummey
and Rillig 2007) were frequently used. Yet, due to the low
variability in the SSU, an extremely high intraspecific variabil-
ity in the ITS or the use of relatively short LSU fragments,
most analyses using these markers led to phylogenetic resolu-
tion at an undefined taxonomic level in-between species and
genus (Stockinger et al. 2009).
At present 454 GS-FLX+ amplicon-sequencing provides
read lengths of up to approx. 1 kb and is the high throughput
sequencing method providing the best phylogenetic resolu-
tion power to monitor AMF in the field. We therefore devel-
oped a 454-sequencing based process to monitor AMF spe-
cies and applied it to analyze potato-associated AMF com-
munities. The SSU-ITS-LSU rRNA gene region used was
defined as an extended DNA barcode resolving closely re-
lated AMF species (Stockinger et al. 2010; Schoch et al.
2012). Importantly, it can be amplified from field samples
using AMF specific PCR primers (Krüger et al. 2009),
which recently were confirmed to have the broadest taxo-
nomic coverage among other PCR primers frequently ap-
plied for AMF detection (Kohout et al. 2014). The primers
amplify approx. 1500 bp sequences, which serve to compute
a robust reference sequences phylogenetic tree functioning
as a Bphylogenetic backbone^ (Krüger et al. 2012) for the
placement of the shorter, approx. 760 bp long 454 sequences
by a maximum-likelihood evolutionary placement algo-
rithm (EPA).
The principal problem in such an approach is that a large
number of unknown AMF species must be expected in
uncharacterized, putatively highly diverse ecosystems. The
lack of sequence information for those AMF would result in
deep sequencing data impossible to be robustly affiliated to
species. Therefore, we recently analyzed the potato associated
AMF in the Peruvian Andes by a clone library and Sanger
sequencing based approach, characterizing the above noted
1500 bp extended DNA barcode (Senés-Guerrero et al.
2014). It turned out that approximately half of the AMF spe-
cies in this ecosystem were unknown. Here, the 1500 bp se-
quences of these formerly uncharacterized AMF now allow
the computation of a phylogenetic backbone for deep se-
quencing analyses.
For the first time the AMF species community of a crop
plant from Andean ecosystems is analyzed in depth. The main
goal was to describe, at species level, the composition of the
AMF community colonizing potato roots, and to determine
putative main players involved in potato AM in the ecosys-
tems studied. We wanted to i) validate our new approach by
studying whether the interpretation of the AMF community
structure is principally influenced by the methods used, ii)
determine how many and which AMF species live in an indi-
vidual root system and which AMF co-occur, and iii) analyze
whether the AMF species community composition is influ-
enced by altitude and/or plant developmental stage.
Materials and methods
Sample collection
In each of the three studied countries, Bolivia, Ecuador and
Peru, potato roots were sampled at three plant developmental
stages (emergence, flowering and senescence; according to
the potato development system described by Hack et al.
1993), from four potato fields which were located at four
different altitude ranges (from 2,658 to 4,075 m above mean
sea level (mamsl)). Three replicate samples were analyzed but
5 replicate samples were collected at each sampling in case
some replicates were PCR-negative. The whole root system
corresponding to different plants was harvested at different
sampling dates depending on the planting times of each coun-
try and according to the plant developmental stages, selected
based on the BBCH scale of the potato development system.
The five replicates from the senescent stage from one Ecua-
dorian field could not be sampled due to early harvesting by
the field owner without notice. In total, 105 samples were
analyzed by 454 sequencing (3 replicates per location per
stage). Six different potato varieties were grown at the differ-
ent locations (Bolivia: Waycha; Ecuador: Superchola, Guata,
Fripapa; Peru: Yungay, Unica; see Online Resource 1 for site
descriptions), but because it was not possible to sample 3
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replicates of each potato variety this is not a parameter includ-
ed in our statistical analyses. Directly after sampling, the in-
dividual root systems were washed with water and cut into
1 cm pieces. Representative samples for each root system
were placed in 80 % ethanol in 10 ml cryovials. The root
material processed at the field sites and samples were later
stored at −20 °C until DNA extraction.
454-pyrosequencing
DNAwas extracted from the root samples using the FastDNA
Spin Kit for soil following the manufacturer’s instructions but
using LysingMatrix A tubes with an extra big ceramic bead as
described in Senés-Guerrero et al. (2014). The first PCR was
performed as described by Krüger et al. (2009) with the AMF
specific primers SSUmAf-LSUmAr using 35 cycles and
0.5 μl of the total DNA as template. The primers target a
1.8 kb region covering part of the SSU rRNA gene, the com-
plete ITS region (including the 5.8S rRNA gene) and approx.
900 bp of the LSU rRNA gene. The product of the first PCR
served as template for a nested PCR amplifying an approx.
760 bp fragment targeting the LSU rRNA gene. A fusion-
primer amplicon strategy was used. The forward primer
LSU-D1f (5’-TAAGCGGAGGAAAAGAAAMTAAC-3’)
was synthesized together with the 454 adaptor A and different
multiplex identifiers (MIDs). The reverse primer LSUmBr
(Krüger et al. 2009) was synthesized with the 454 adaptor B
(Eurofins MWG Operon, Ebersberg, Germany). One 20 μl
PCR reaction contained 10 μl of the Phusion High-Fidelity
DNA Polymerase Mastermix (New England Biolabs, Frank-
furt, Germany), 0.5 μM of each primer and 0.2 μl of the first
PCR amplicon. The cycling conditions were 99 °C for 5 min,
followed by 25 × (99 °C for 15 s, 63 °C for 25 s, 72 °C for
35 s), followed by 72 °C for 10 min. For each sample, three
individual PCRs were performed and the products were ob-
served by gel electrophoresis. After confirming a visible band,
PCR replicates were pooled.
The pooled samples were sent to the company IMGMLab-
oratories (Martinsried, Germany) where each amplicon was
separately purified using solid phase reversible immobiliza-
tion (SPRI) paramagnetic bead-based technology (Agencourt
AMPure XP beads; Beckman Coulter, Krefeld, Germany) and
quantified using PicoGreen dsDNA Assay Kit (Invitrogen,
Darmstadt, Germany). Three libraries were generated contain-
ing the amplicon samples (pooled equimolarly) each with dif-
ferent MIDs. Each library was purified three times applying
two different methods. First a gel extraction followed by a size
selection step (>250 bp) performed twice using the SPRI para-
magnetic beads. The DNA High Sensitivity LabChip Kit
(Agilent Technologies, Waldbronn, Germany) was used on
the 2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany) to measure the quality of the purified amplicon
library. Sequencing was done by using the GS FLX+ Titanium
Sequencing Kit (Roche, Basel, Switzerland).
The sequencing run has been stored at the Sequence Read
Archive at the NCBI with accession number PRJNA242351.
Bioinformatic analyses
Image and signal raw pyrosequencing data were proc-
essed by the Roche 454 GS-FLX+ inherent software
packages applying the LongAmplicon3 processing pipe-
line which allows for 3’end trimming, recommended for
processing long amplicon reads. Further downstream
analyses were carried out by using the QIIME pipeline
(Caporaso et al. 2010). The following parameters were
used to select reads: no more than 15 ambiguous bases,
maximum length of homopolymer run of 15, a maximum
number of 5 primer mismatches and sequences with a
minimum length of 500 bp including the primers. Se-
quences which did not fulfill these requirements were
discarded. Sets of sequences were divided into clusters
using UCLUST (Edgar 2010) at a similarity threshold of
98 %. Representative sequences (RS) were used for
downstream analyses either as OTUs or as input se-
quences for EPA based species affiliation. The 98 % sim-
ilarity threshold was empirically determined to always
separate RS from different species into different clusters,
by analyzing the approx. 760 bp target region sequences
from 1,167 well defined AMF reference sequences. After
clustering, singletons were removed and the remaining RS
were blasted against the NCBI database to identify and
remove non-AMF sequences.
Species delimitation
Briefly, species delimitation consisted of two steps: in the first,
a reference phylogenetic tree based on 1.5 kb sequences was
computed and in the second, each RS of a 98 % similarity
cluster was individually placed into this reference tree and
annotated to species.
For the first step, sequence alignments were done using
MAFFT version 6 (Katoh et al. 2002) and manually
optimized and merged with the reference alignment of
Krüger et al. (2012) using ALIGN (www.sequentix.de) as
described in Senés-Guerrero et al. (2014). A maximum-
likelihood phylogenetic tree was calculated with RAxML-
HPC2 at the CIPRES Science Gateway (http://www.phylo.
org/portal2/) with 1,000 bootstraps and the GTRGAMMA
model by using 1,078 unique 1.5 kb reference sequences
from defined AMF species (Krüger et al. 2012) and from
sequences obtained from a clone library constructed for Peru-
vian root samples (Senés-Guerrero et al. 2014). Additionally,
new clone library (Krüger et al. 2009) sequencing data from
Bolivia and Ecuador (accession numbers HG969311-
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HG969373; published here) were included. This reference
phylogenetic tree was composed of only 1.5 kb sequences
and used as a Bphylogenetic backbone^.
In the second step, each RS was aligned to the reference
sequence alignment withMAFFTusing a progressivemethod.
The alignment containing the reference sequences plus the
individual RS together with the reference tree were the input
data for the phylogenetic placement of each RS. For this, the
RAxML Evolutionary Placement Algorithm (EPA) with the
GTRGAMMA model was used through the web interface
(Berger et al. 2011; Berger and Stamatakis 2011). EPA indi-
vidually assigns each sequence (in our case the RS) to the
branches of the reference phylogenetic tree by using a
maximum-likelihood model. The result consists of an interac-
tive reference phylogenetic tree on which, by selecting tree
branches, the affiliated sequences are displayed. A table with
tree branches and affiliated sequences is also provided by
EPA, which has been rigorously tested by its authors, proving
its accuracy in placing short reads into a phylogenetic tree (for
detailed information see Berger et al. 2011). Archaeopteryx
Treeviewer 0.970 beta X was used to visualize the phyloge-
netic tree (Han and Zmasek 2009) and taxonomic annotations,
following the most recent systematics of the Glomeromycota
(Redecker et al. 2013), were manually done. Hence, each RS
was affiliated to a described or yet unnamed species in the
phylogenetic reference tree, as EPA also assigns Bunknown^
taxa to deeper branches in the tree which can be annotated at
lower taxonomic levels.
To further analyze our species annotation method, we com-
pared our previously published clone library Sanger-
sequencing data obtained from Peruvian potato rhizosphere
soil and root samples (Senés-Guerrero et al. 2014) with the
454 sequences obtained from the same root samples (rhizo-
sphere soil was not included). To allow comparisons, species
previously detected with the Sanger sequencing approach
were annotated with the same species number in the present
454 sequencing analyses. 454-read relative abundance (RA)
and the frequency of occurrence (FO) were the criteria to
compare the samples.
Validating taxa annotation: comparing 97 %-OTU,
monophyletic clade and EPA based methods
We compared two methods that are commonly used to
delimitate AMF taxa against EPA, by using an artificially
constructed AMF community sequence dataset. This was
done to demonstrate the principle problems associated to
the frequently used 97 %-OTU or simple monophyletic
clade approaches. The artificial community consisted of
228 defined sequences comprising 7 closely related spe-
cies from the genus Rhizophagus (see Krüger et al. 2012).
Sequences from Rhizophagus irregularis were shortened
to the same 760 bp LSU rDNA fragment as used in the
454-sequencing approach (from here onwards referred to
as query sequences). These query sequences, derived from
public database sequences, were annotated by three ap-
proaches: a 97 % similarity threshold (97 %-OTU), a
monophyletic clade approach and species-affiliation using
EPA.
Two maximum-likelihood phylogenetic trees were com-
puted, one for the monophyletic clade and one for the EPA
approach. For the 97 % similarity threshold, the query se-
quences were clustered by using UCLUST and results
displayed as OTUs in the tree computed for the monophy-
letic clade approach. For the monophyletic clade approach,
the tree was computed from the 760 bp target region only, to
reproduce the strategy usually applied in pyrosequencing
studies. For this, 228 Rhizophagus sequences, 176 query
sequences and 14 Paraglomus sequences (as outgroup)
were automatically aligned by using MAFFT and a
maximum-likelihood phylogenetic tree was calculated
using RAxML-HPC2 at the CIPRES Science Gateway with
the GTRGAMMA model.
For the EPA approach the steps previously described were
conducted. Briefly, a reference maximum-likelihood phyloge-
netic tree based on 1.5 kb sequences was calculated. The same
sequences as used for the monophyletic clade approach were
analyzed, except that some identical sequences were removed.
The phylogenetic backbone reference tree contained 225
Rhizophagus sequences and 12 Paraglomus sequences. In
the second step, 146 query sequences of approx. 760 bp were
individually placed into the branches of the reference tree by
EPA and annotated to species.
With the intention to reproduce the methodology ap-
plied in many AMF ecological studies, OTUs obtained
by a 97 % similarity clustering were used with the artifi-
cially constructed Rhizophagus community at the validat-
ing step of the EPA-based method. For the analysis of the
Andean samples, a 98 % clustering step was used because
this avoids merging different species in the same cluster
(see Results section).
Networks
To display putative major AMF players associated with pota-
to, two main sets of networks were analyzed and directly
compared: OTUs (corresponding to 98 % similarity threshold
454 representative sequences) and species (EPA based affili-
ation) networks. These sets of networks were created to visu-
alize shared OTUs or species among different altitudes, plant
developmental stages and plant varieties. Networks were pro-
duced following the QIIME pipeline and visualized using
Cytoscape 3.0.1 (Cline et al. 2007). Dominant species were
identified by analyzing RA (relative read abundance) and FO
(frequency of occurrence).
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Data analysis and statistics
All analyses related to AMF community composition were
performed using the vegan package (Oksanen et al. 2013) in
R 3.1.0 (R Core Team 2014), unless stated otherwise.
To analyze and compare whether the method used to
delimitate AMF taxa influences the interpretation of the
community structure, OTU and species data matrixes
were resampled to 200 reads and the Bray-Curtis index
was used as a dissimilarity measure among the different
sites. The pairwise distances from the sites in OTU and
species datasets were compared. OTU and EPA derived
data were analyzed by nonmetric multidimensional scal-
ing (NMDS) using the metaMDS function with the Bray-
Curtis index. We used the envfit function to determine the
relationship of altitude and plant stage with the OTUs and
AMF species scores in the NMDS by using 999 permuta-
tions. Furthermore, changes on the beta-diversity were
evaluated by permutational MANOVA (PerMANOVA)
using the Arrhenius dissimilarity index with the adonis
function. The dissimilarities for altitude and plant stage
were partitioned and their significance analyzed by using
999 permutations. In this case, beta-diversity is used as a
measure of heterogeneity and calculated taking into ac-
count the number of OTUs or species shared between
two sites and the number of OTUs or species unique to
each site. To exclude mixed effects in analyses of differ-
ent altitudes and plant stages, we analyzed changes in
beta-diversity of the plant stages at a similar altitude (ap-
proximately 3,500 m; sites B1, E4, P2) and changes in
altitude using samples from only the flowering stage. In
addition, we tested the effect of altitude and plant stage
within individual countries.
For both, the NMDS and beta-diversity analyses, two ma-
trixes were the input. One matrix contained the normalized
read counts of the OTUs or species found per sample and
the secondmatrix contained the plant stage or altitude for each
sample. Raw read counts were normalized using the package
DESeq2 (Anders and Huber 2010) in R, as it was shown that
other classical methods for read count normalization are not
appropriate to detect differentially abundant species
(McMurdie and Holmes 2014). To analyze altitude, we
grouped the samples into 4 different altitude categories: 4=≥
4,001 m, 3=3,561–4,000 m, 2=3,000–3,560 m and 1=< 3,
000 m (Online Resource 2).
Results
Comparison among taxa annotation methods
For our test dataset, based on publicly available validated
sequences, the EPA approach resulted in all 146 R. irregularis
760 bp query sequences being correctly placed in the
R. irregularis clade. None of the diverse sequences was
misplaced into branches belonging to other Rhizophagus spe-
cies (Fig. 1a and Online Resource 3). Thus, the correct result
of the analysis was that all sequences belonged to one AMF
species, R. irregularis.
When clustering the R. irregularis query sequences at a
97 % similarity threshold, this resulted in 18 OTUs (Online
Resource 4). Clustering the same sequences at 98 % resulted
in 32 OTUs (data not shown). The monophyletic clade ap-
proach resulted in a tree with very low bootstrap support
values for many clades and it was difficult to delimit the dif-
ferent Rhizophagus species from one another (Figs. 1b-c, On-
line Resource 4). Even though the query sequences from
R. irregularis were not clustering with sequences from other
species, delimiting monophyletic clades to define species was
not possible. To highlight the inaccuracy of taxa delimitation
when using both, 97 %-OTUs and a monophyletic clade ap-
proach, we marked different sequences belonging to 97 %-
OTUs in the tree computed for the monophyletic clade ap-
proach. Sequences from the same OTUs were spread over
different monophyletic clades and one monophyletic clade
could contain different OTUs (Fig. 1b, Online Resource 4).
Furthermore, to indicate that intraspecific sequence variability
leads to misinterpretation of phylotypes as different taxa or
taxonomic units, we also labelled different sequence variants
obtained from the well-studied culture R. irregularis
DAOM197198 or from one single spore DNA extract of
R. intraradices FL208 (Online Resource 4). The full reference
phylogenetic tree used for the EPA approach and the place-
ment of the query sequences are shown in the Online Re-
source 3. The full phylogenetic analysis of the monophyletic
clade approach, also displaying the placement of 97 %-OTUs,
is shown in the Online Resource 4.
Processing of pyrosequencing data for AMF species
affiliation
From a total of 105 samples (12 samples each for Bolivia and
Peru, 11 samples for Ecuador, from 4 altitudes and 3 plant
developmental stages, in 3 replicates), PCR on 102 samples
resulted in visible products. All three PCR-negative replicates
were from the same sample (Peru, altitude 1, senescence
stage) which was excluded in downstream analyses. The ini-
tial amount of reads was 698,297. After quality filtering and
removing reads below 500 bp, 366,088 reads of at least 500 bp
length were clustered using a 98 % similarity threshold into 4,
943 representative sequences (RS). This was done because for
the region analyzed, the frequently used similarity threshold
of 97% led to a number of clusters containing sequences from
different species (e.g., sequences of Gigaspora rosea with
G. margarita, Funneliformis mosseae with F. coronatus,
Claroideoglomus luteum with C. claroideum and
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Acaulospura scrobiculata with A. spinosa; data not shown).
This problem could be avoided by using a 98 % similarity
threshold for clustering.
After singleton removal, 3,218 RS were left, of which 956
(29.7 %) were non-AMF. From these, 96 % were from fungi,
3.6 % from plants and 0.4 % from protozoa. Finally, 2,262 RS
containing 255,740 reads with an average read length of
718 bp remained for AMF. By using EPAwe annotated these
to 41 species from 12 AMF genera (Figs. 2 and 3; for read
abundance see Online Resource 5).
Comparing OTUs against EPA based species affiliation
for potato associated AMF
To demonstrate how the annotation of OTUs or species
can influence our understanding of the AMF community
composition, we used the identical dataset to visualize
networks containing either OTUs or species. The OTU
networks always showed a similar trend in which the ma-
jority of the OTUs was specific to one variable (one alti-























































































Fig. 1 Maximum-likelihood phylogenetic trees showing different AMF
taxa delimitation methods. Sequences from R. irregularis were used as
query sequences and were annotated to species in the genus Rhizophagus
by using EPA (a), clustering at 97 % similarity threshold (97 %-OTUs)
(b), and a monophyletic clade approach (b and c). 97 %-OTUs are
marked in blue and sequences used as query sequences in red.
Reference sequences are in black. Using EPA species affiliation, all
query sequences were correctly placed in the R. irregularis clade (a).
Problems when annotating 454 reads by using 97 %-OTUs are shown:
two OTUs in a single monophyletic clade (OTU6 and 12), spread OTUs
partly clustering with other OTUs (OTU10) (b). Problems when
annotating species using ~760 bp sequences and a monophyletic clade
approach are shown: low phylogenetic resolution not allowing species
definition (c)
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species networks indicated that most of the AMF species
were shared and only few were specific to a certain con-
dition (Fig. 4).
Furthermore, we analyzed the similarities of the AMF
communities among the sampling sites for both, OTUs
and species by using the Bray-Curtis index. For compar-
ison, we did a sub-sampling step; we excluded the sam-
ples E3Sc and E4Sc from the species data and E1Sc and
E2Sc from the OTUs data because of having fewer than
200 reads. The Bray-Curtis similarity for OTUs indicated
a community composition represented by two major clus-
ters (Fig. 5a) whereas when analyzing species, the AMF
community composition of the sites appeared less struc-
tured (Fig. 5b). Importantly, the clustering topology
showed that the OTU-defined community composition is
totally inconsistent with the species-defined community
(Fig. 5). As EPA species affiliation must be interpreted
more robust than 97 %-OTU and also basic monophyletic
clade approaches, the community composition based on
OTUs analyses appears unreliable.








































































































































































a) Total b) Bolivia c) Ecuador d) Peru
No. of plant replicates
Fig. 2 Frequency of occurrence (FO) of 41 annotated AMF species and
the number of individual root samples (total root samples analyzed=102)
in which they were found. A conserved species pattern can be observed in
the three countries. The same conserved patterns can be observed when
analyzing different altitudes or plant stages shown in Online Resource 7
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AMF species diversity in potato roots
We demonstrated that the EPA annotation of species is more
robust compared to other frequently used methods and that
conclusions on the community composition would strongly
rely on the method used for taxa definition. We therefore,
based on published knowledge (Stockinger et al. 2010) and
our empirical data, analyzed EPA based species-affiliation da-
ta for further interpretation.
Rarefaction curves showed that plateau levels were reached
for most of the samples when analyzing at the species level
(Online Resource 5b). Based on relative read abundance (RA),
the five most abundant species (from lowest to highest) were an
unknown Claroideoglomus sp. (Sp. 5), Claroideoglomus
claroideum (Sp. 39), Cetraspora nodosa (syn. Scutellospora
nodosa) (Sp. 13), an unknown Acaulospora sp. (Sp. 23), and
another unknown Acaulospora sp. (Sp. 14) (Online Resource
6). Based on frequency of occurrence (FO), the vast majority
of potato plants (85 %, 87 plants) were colonized by the most
abundant Acaulospora Sp. 14 (Fig. 2 and Online Resource 7).
Preferential potato root colonizers
We considered that the species colonizing the plants at most
altitudes, plant stages and potato varieties, were preferential
colonizers of potato, based on FO. No species was present in
all of the samples, nevertheless the overall most abundant













































































































































































































































































Fig. 3 454-read abundance of the 12 AMF genera found at 12 field sites
(B=Bolivia, E=Ecuador, P=Peru; 1=site 1, 2=site 2, 3=site 3, 4=site 4;
Em=emergence, Fl=flowering, Sc=senescence; A1=altitude group 1
(<3,000 m), A2=altitude group 2 (3,000–3,560 m), A3=altitude group
3 (3,561–4,000 m), A4=altitude group 4 (≥4,001 m); W=Waycha, S=
Superchola, G=Guata, F=Fripapa, Y=Yungay, U=Unica. Inset shows
the relative abundance in percentage for each genus
Fig. 4 Networks showing the distribution of AMF OTUs and species,
based on the identical representative sequences (RS) of 98 % similarity
clusters. Nodes correspond to either OTUs or species and connecting
edges indicate different conditions. OTU (a) and species (b) networks
at different altitude ranges; 1 (green)=altitude 1 (<3,000 m), 2 (blue)=
altitude 2 (3,000–3,560 m), 3 (purple)=altitude 3 (3,561–4,000 m), 4
(orange)=altitude 4 (≥4,001 m). c) OTU and d) species networks of
AMF colonizing different plant stages; Em=emergence (green), Fl=
flowering (orange), Sc=senescence (purple). e) OTU and f) species
networks of AMF colonizing different potato varieties; W=Waycha
(orange), U=Unica (violet), F=Fripapa (green), G=Guata (blue), S=
Superchola (purple), Y=Yungay (red). In the species networks, nodes
show the species number and nodes highlighted in yellow represent
species shared by all the different variables
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in 85 % of the samples, followed by C. nodosa (Sp. 13; 3rd
most abundant species based on RA) and Claroideoglomus
sp. (Sp. 5; 5th most abundant species) each appearing in
78 % of the samples (see Fig. 2 for FO values and Online
Resource 6 for RAvalues). Acaulospora sp. (Sp. 23; 2nd most
abundant species) appeared in 71 % and C. claroideum (Sp.
39; 4th most abundant species) appeared in 56 % of the sam-
ples. These species therefore can be interpreted as a conserved
core-species community of potato in the Andes.
Regarding coexistence of species, from 87 plants that
hosted Acaulospora sp. (Sp. 14), 75 plants (86 %) also
contained C. nodosa (Sp. 13) and a Claroideoglomus sp.
(Sp. 5). Regarding genera, Cetraspora, Rhizophagus,
Acaulospora and Claroideoglomus colonized 68 plants
(67 %) simultaneously.
Among the six different potato varieties, 20 (49 %) from
the 41 total AMF species are shared among all of them. For
the plant developmental stages, 31 species (76 %) are shared
among the three stages. For altitude, 26 species (63 %) are
shared among the four altitude groups (Fig. 4 and Online
Resource 7).
Number of species colonizing an individual potato root
system
The AMF species number in a single root system was
displayed as different size groups (zero species, 1 to 5 species,
6 to 10 species, etc.; Fig. 6). 102 individual root systems
contained 1 to 25 species in relatively similar amounts. Two
percent of the root samples contained more than 25 species
(Fig. 6). The amount of species found in a single root sample
was not related to the plant stage, e.g., for some plants in the
emergence stage more than 20 species could be detected while
for others only less than five.
Influence of altitude and plant stage on AMF communities
Nonmetric multidimensional scaling analysis of the species
data resulted in a two-dimensional solution with a total stress
value of 0.2 for both OTUs and species. The OTUNMDS plot

















































































































































































































































Fig. 5 Bray-Curtis similarity of the sampled sites when using OTUs (a)
or species (b) to delimit the AMF community. Example sites that are
identical when analyzing OTUs and different when analyzing species
are highlighted in red. B=Bolivia, E=Ecuador, P=Peru; 1=site 1, 2=















Fig. 6 Number of AMF species, in percentage, detected in individual
root system samples. Zero to more than 25 species were separated in
seven size groups (0, 1 to 5, 6 to 10, 11 to 15, 16 to 20, 21 to 25, > 25
species). The percentage of AMF species found (in a single root system)
within these groups is shown
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which may indicate sub-populations in the data (Fig. 7a). The
species NMDS revealed no structure in the community com-
position when we marked the 41 species based on their genus
(Fig. 7b).Moreover, altitude and plant stage had no significant
influence on the AMF community based on OTUs or species
(Table 1) and this did not change when increasing the NMDS
dimensions (data not shown). However, the PerMANOVA
conducted to test whether altitude or plant stage were influenc-
ing the beta-diversity of the different sites showed that altitude
was a significant factor (P<0.05) in both datasets, with the
effect being stronger for the OTUs (Online Resource 8).
PerMANOVA on the beta-diversity conducted on different
sites at the same plant stage revealed that altitude may be a
significant factor (P-value=0.052) whereas the same test con-
ducted on sites at a similar altitude revealed that the influence
of plant stage was not significant (Online Resource 9). Doing
the same test for individual countries, using both OTU and
species data, neither altitude nor plant stage were significantly
affecting the community composition, with the exception of
OTU data for Peru (Online Resource 10).
Comparison with a clone library Sanger sequencing
approach
From clone libraries derived from Peruvian samples (24 root
and 12 pooled rhizosphere soil samples) we annotated 20
species, some of them found only in rhizosphere soil in a
previous study (Senés-Guerrero et al. 2014) indicating a prob-
able number of 31±8 species by the Chao index. From the 454
sequences derived from the same root samples of Peru (35
samples) we annotated 37 species, including 10 species (out
of 12) found in the root samples of the clone library. An
Ambispora sp. and an Archaeospora sp. found in roots and
previously annotated in the clone library as “Sp. 1” and “Sp.
4”were not found by 454 sequencing. Other species (6, 16, 17
and 19) that were found only in rhizosphere soil with the
Sanger sequencing approach were also not detected by 454
sequencing of the root samples.
Discussion
Methods for AMF species delimitation
Here, for the first time, we used 454 GS-FLX+ pyrosequenc-
ing of an approx. 760 bp LSU rDNA amplicon together with a
high throughput, maximum-likelihood based phylogenetic an-
notation approach (EPA) to monitor AMF in the field at spe-
cies level. This approach is based on an aligned reference
sequence database and a maximum-likelihood phylogenetic
reference tree. We used EPA because it provides more accu-
rate species annotation than other methods used for high
throughput monitoring and community studies of AMF, con-
sidering theoretical assumptions, published data (Stockinger
Table 1 Squared correlation coefficients (R2) for the centroids in the
NMDS ordination performed with normalized read counts for the OTUs
and species data
Environmental variable R2 P
OTUs Altitude 0.1515 0.116
Plant stage 0.0561 0.477
Species Altitude 0.1658 0.074
Plant stage 0.0658 0.379
P-values are based on 999 permutations
Fig. 7 Nonmetric
multidimensional scaling
(NMDS) ordination plot for
OTUs (a) and the 41 AMF
annotated species, color-coded by
their genus (b). Ellipses represent
95 % confidence intervals around
the four altitude groups and the
three plant stages centroids. Non-
overlapping centroids are
considered significantly different
at α=0.05. Colors of ellipses:
green=altitude 1 (<3,000 m),
blue=altitude 2 (3,000–3,560 m),
purple=altitude 3 (3,561–
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et al. 2010; Berger and Stamatakis 2011) and our empirical
tests. Next generation sequencing technologies are advancing
rapidly and for fungi, a metabarcoding pipeline using the
paired end (2 × 250 bp) Illumina MiSeq platform has been
developed (Bálint et al. 2014). Similar methods could be
employed for AMF once longer read lengths could be obtain-
ed, providing sufficient phylogenetic signal to distinguish
closely related species.
In general, pyrosequencing data analysis pipelines can
have a strong impact on the biological conclusions (Bakker
et al. 2012). Using a precise method is crucial to obtain eco-
logically meaningful data and for fungi some specific consid-
erations have been highlighted (Lindahl et al. 2013). For
AMF, the difficulty starts from selecting the genetic marker
region, continues with the similarity threshold used to cluster
sequence reads and increases when trying to assign sequences
into taxonomic groups. Moreover, every type of analysis de-
pends on the quality of the baseline data used to compare with.
In this context one problem for AMF (and also Fungi in gen-
eral) is, that many species have not yet been described or
characterized by DNA sequences, which is especially prob-
lematic in unexplored ecosystems harboring high diversity. In
such regions, many unknown AMF species are expected to
exist (Kivlin et al. 2011; Liu et al. 2011), as shown for the
Andean region studied here with about 50 % of the AMF
species detected being uncharacterized by DNA sequences
(Senés-Guerrero et al. 2014).
It is not possible to discriminate closely related AMF spe-
cies by using simple sequence similarity thresholds and/or
phylogenetic cluster analyses based on limited phylogenetic
signal, for example when analyzing short average reads
lengths of 200–400 bp as obtained with the previous 454
GS-FLX technologies. Thus, until now, a robust tracing of
AMF at the species level has not been possible with 454 se-
quencing, but data regarding basic AMF community patterns
and the putative factors driving such communities have been
obtained (Öpik et al. 2009; Dumbrell et al. 2011; Davison
et al. 2012; Lekberg et al. 2012; Öpik et al. 2013). Most of
the earlier 454 sequencing based AMF community studies
analyzed data by clustering reads into 97 %-OTUs and
matching them using BLAST. Some of the drawbacks of this
approach are that many fungal sequences in public databases
have not been correctly annotated or have quality issues
(Kõljalg et al. 2013), leading to incorrect species descriptions
and also, that whenever a taxon is not present in the reference
sequences, the BLAST based assignment can be misleading
(Berger et al. 2011). Another approach for the analysis of 454
sequencing data is the definition of OTUs based on clades in
phylogenetic trees including known sequences (Horn et al.
2014). The latter approach is called a monophyletic clade
approach and may, besides the formation of clades, also use
the support values for the respective clades to interpret OTUs.
Nevertheless, calculating a phylogenetic tree using short read
length sequences, even of 760 bp lengths, leads to low reso-
lution and support for clades and is prone tomisinterpretations
(see Online Resource 4). Lekberg et al. (2014) suggested that
defining OTUs by using either a similarity threshold of 97 %
or by using a monophyletic clade approach did not affect
interpretations of the general AMF community patterns. How-
ever, this assumption depends on the level of interpretation.
Using a monophyletic clade approach based on short se-
quences does not provide species resolution and the taxonom-
ic level of OTUs is undefined (see Online Resource 4). The
high intraspecific variability of the rDNA sequences of AMF
may cause the consequent splitting of individual species into
many OTUs when using %-thresholds, as well when using
monophyletic clades. Beside the noise of such data, this may
cause OTU undersampling and consequent misinterpretations.
Another issue that affects the interpretation of sequencing data
occurs at the clustering step, where greedy heuristic clustering
can result in incorrect grouping of sequences into clusters
(Sun et al. 2012) leading to misinterpretations of taxa abun-
dance and especially affecting the significance of rare taxa.
Thus, when circumscribing 454 sequences to AMF taxo-
nomic units many factors, which are unfortunately often ig-
nored, can lead to misinterpretations, including primer selec-
tion, BLAST-based annotation, similarity thresholds, method
of OTU definition, and ecosystems with many unknown spe-
cies. We tried to reduce the afore mentioned problems by i)
selecting a region that previously was discussed to provide
species resolution when using 454-sequencing (Stockinger
et al. 2010), ii) testing similarity thresholds for sequence clus-
tering using reference sequences as an empiric dataset to avoid
sequences from different species falling into the same cluster
and iii) using an EPA based approach for species annotation,
in which sequences are individually placed into a phylogenet-
ic reference tree. Even though such annotation may also be
biased (e.g., due to misalignment of sequences, see Berger and
Stamatakis 2011), it appears to be significantly better for AMF
community structure analyses than any of the other commonly
used methods for high throughput sequencing data analysis.
We could robustly annotate the representative sequences to
unknown as well as to described species.
Taxonomic coverage and species diversity
Interpretations of AMF diversity are strongly influenced by
the PCR primer choice. Some primer combinations discrimi-
nate against certain AMF lineages (Gamper et al. 2009), while
others result in high non-specific amplification (Alguacil et al.
2009). The region that we amplified in the first PCR offers
species resolution power (Stockinger et al. 2010) and the
primers used (Krüger et al. 2009) allow the widest taxon cov-
erage compared to other commonly used primers targeting a
single nuclear rDNA marker (Kohout et al. 2014). It may be
mentioned that Kohout et al. (2014) reported chimera
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formation when using these primers. However, this was
interpreted based on the use of TaqDNA polymerase, whereas
the use of a high-fidelity enzyme with a fused DNA-binding
domain, as the Phusion DNA polymerase recommended by
Krüger et al. (2009), prevents many of the processes leading to
chimera formation.
Here we annotated 41 species, 15 of them (37 %) unknown
or previously not described in sequence databases and 5 of
them (12 %) closely related to but separated at the species
level from known species. Other studies using 454 sequencing
have reported 70 AMF OTUs in an area of approximately
7 m2, analyzing samples at summer and winter seasons
(Dumbrell et al. 2011), 32 AMF OTUs in grassland plots
(Lekberg et al. 2012), and 37 (Davison et al. 2012) and 48
(Öpik et al. 2009) AMF OTUs in forest plots. However,
interpreting and comparing richness and species diversity is
difficult from afore mentioned studies, for example because
the number of OTUs is strongly dependent on the variability
of the marker region and the threshold value used. We dem-
onstrated this by the analysis of published LSU sequences of
R. irregularis, resulting in 18 OTUs at 97 % or 32 OTUs at
98 % similarity, for one species only (see Online Resource 4).
AMF species associated with potato
To determine AMF preferentially colonizing potato, we used
proportional read abundance as a semi-quantitative measure
of abundance. Despite known biases when using 454 reads to
determine biological abundance (e.g., rRNA gene copy num-
bers, primer bias, varying PCR efficiency in different sam-
ples), comparing proportional abundance of one species with
itself across samples and replicate 454 runs is reliable (Amend
et al. 2010; Kauserud et al. 2012). Interestingly our data show
that most of the samples are colonized by a conserved group
of AMF species (67 % of the plants from 12 studied sites were
colonized by certain species from the genera Acaulospora,
Cetraspora, Claroideoglomus and Rhizophagus simulta-
neously) which appear to be main players in potato AM in
the Andean region. For the potato plants it is both surprising
and noticeable that this core AMF species community is rela-
tively conserved throughout the studied region since the sam-
pling sites are from remote areas, e.g., a distance of 3,169 km
from Loja (Ecuador) to Cochabamba (Bolivia), and from a
wide variety of climatic conditions, e.g., in Cochabamba the
average day temperature is approx. 24 °C during summer and
mild during winter, whereas at study sites above 4,000 mamsl
even in summer frost may occur periodically at night and
strong frosts are frequent during winter.
In previous studies, F. mosseae was the only species found
colonizing potato roots in soil-trap cultures (Bharadwaj et al.
2007) and R. irregularis (as BGlomus intraradices^) was re-
ported as the preferential colonizer of potatoes in an Italian
agricultural field at low altitude (85 mamsl) (Cesaro et al.
2008). In the Andean region, surprisingly the potato roots
colonizers detected in highest relative abundance and frequen-
cy were two unknown Acaulospora spp. (Sp. 14 and Sp. 23)
found individually or together at all conditions and in 91
(89 %) of the samples analyzed, perhaps indicating host pref-
erences. The very frequent appearance of Acaulospora spp. in
the Andes might directly or indirectly be related to altitude,
since members of this genus were also frequently reported at
altitudes around 3,000 m in the Alps and in the Chilean Andes
(Oehl et al. 2006, 2011), as well as at up to 3,520 m in the
South American Puna grassland (Lugo et al. 2008) and at the
Tibetan Plateau (Li et al. 2014; Gai et al. 2012). Due to their
high abundance (RA) and frequency of occurrence (FO), we
considered these Acaulospora spp. as main potato colonizers
in the Andes. We cannot yet state about the biogeography of
these species because of insufficient availability of data for
comparison.
AMF species diversity in individual potato root systems
An individual plant root system is usually colonized by sev-
eral AMF species. For potato plants high levels of AMF col-
onization were reported (McArthur and Knowles 1992;
Davies et al. 2005) but surprisingly only one or two species
per root system were detected by Sanger sequencing of clone
libraries from Peruvian ecosystems (Senés-Guerrero et al.
2014). In contrast, 454 sequencing from the same samples as
analyzed in that study revealed that more than 25 AMF spe-
cies can be present in a single root system, indicating the
limitations of the clone library based approach. The joint pres-
ence of certain species may be related to phylogenetically
distinct AMF having different complementarity functions
(Maherali and Klironomos 2007). For potato, the frequency
of occurrence of AMF in individual root systems strongly
indicates functional complementarity beneficial for the host,
based on the observation that an Acaulospora sp. (Sp. 14),
C. nodosa (Sp. 13), and a Claroideoglomus sp. (Sp. 5) were
found coexisting in 74 % of all samples (75 plants). Sixty
seven percent of all samples (68 plants) additionally contained
one of the eight detected Rhizophagus species.
Influence of plant stage and altitude on AMF species
communities
Analyzes of OTU networks indicate that most of the OTUs are
specific to either an altitude, plant stage or plant variety, in
agreement with previous studies showing habitat or seasonal
differences and host preferences in the AMF communities
(Husband et al. 2002; Öpik et al. 2009; Dumbrell et al.
2011; Kivlin et al. 2011). Contrary, the EPA-based species
networks based on the same data showed that most of the
AMF species appeared at all altitudes, plant stages and plant
varieties. Also when using the Bray-Curtis index the results
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obtained for OTU and species datasets were contradictory.
Bray-Curtis similarities for AMF communities were in general
higher when analyzed by their OTUs than when analyzed as
species, but most important is that the analysis of the OTUs
resulted in a completely different topology of clustering com-
pared to that of the species. A higher similarity of OTU clus-
ters was also observed in the NMDS plot.
Because the EPA based species affiliation method must be
considered as much superior to the 98 % or 97 % similarity-
based OTU affiliation, we conclude that results derived from
such OTUs must be interpreted with caution.
The contradictory results among OTUs and species can
partly be explained by different OTUs being detected in dif-
ferent samples, but representing the same species. Such OTUs
seem to be unique for that sample, yet, this uniqueness may in
many cases be based on undersampled highly variable DNA
phylotypes.
Surprisingly, even though OTU and species communities
appear different, plant stages or altitude showed no significant
influence on the AMF community for both datasets as ana-
lyzed in the NMDS plots. However, the beta-diversity of the
sites was significantly influenced by altitude according to the
perMANOVA analysis. Because the analyses are different, the
outcomes should be interpreted in different ways. In NMDS,
the variation is reduced to an ordination space and the envi-
ronmental variables are fitted to the ordination scores. The
beta-diversity is analyzed by the number of taxa that are
shared or are unique among sites. As many OTUs represent
the same species, in the case of OTUs the response to altitude
or plant stage is stronger. This may be due to some highly
abundant and frequent AMF and noisy data for rare species,
which are represented as Brandomly^ occurring OTU variants.
Even if we found that altitude is a significant factor when we
analyzed different sites for the same plant stage, we cannot
exclude that the influence of altitude is due to other factors
found between sites, as altitude was not significant when an-
alyzing individual countries. Horn et al. (2014) demonstrated
that the AMF community composition in a small area harbor-
ing high plant diversity and different abiotic soil conditions
was not affected by environmental effects, concluding that
biotic factors such as AMF-plant interactions were more in-
fluential. Because the core-species community of potato was
conserved over a wide range of environmental conditions, our
study also supports this. On the other hand, Lugo et al. (2008,
2012) reported that increasing altitude had a negative impact
on AMF richness and diversity, which is in contrast to reports
from the Tibetan Plateau, where Gai et al. (2012) showed that
AMF diversity did not change with increasing elevation.
Zangaro et al. (2008, 2013) showed that root colonization
and spore density decreased among successional stages from
grasslands to mature forests and different stages in plant age
and succession also influence the AMF communities (Hus-
band et al. 2002; Aldrich-Wolfe 2007). Other studies indicate
host preferences (Scheublin et al. 2004; Sýkorová et al. 2007;
Torrecillas et al. 2012; Yang et al. 2012). In general, standard-
ized analyses, possibly based on the methods presented here,
may allow a more robust interpretation and comparison of
such data in the future.
Comparison with a clone library Sanger sequencing
approach
From the clone library previously established from the same
Peruvian DNA extracts as used here, the most abundant potato
root colonizers were an unknown Claroideoglomus sp. (Sp.
5), F. mosseae (Sp. 12) and R. irregularis (Sp. 9). From the
454 relative abundance data for Peru, the most abundant col-
onizers (from lowest to highest) were Claroideoglomus sp.
(Sp. 5), Rhizophagus invermaius (Sp. 35; not previously
found in the clone library) and the previously found
Acaulospora sp. (Sp. 14). Two species, Ambispora sp. (Sp.
1) and Archaeospora sp. (Sp. 4) annotated from the clone
library were not found by 454 sequencing. Because we could
annotate other Ambispora and Archaeospora species, we hy-
pothesize that these species perhaps were present but their
sequences incorrectly affiliated to very closely related species
after the automatic alignment of the 454 sequences. Using
different approaches and targeting different fungal
communities, Kauserud et al. (2012) and Tedersoo et al.
(2010) observed that some of the most abundant OTUs ob-
tained in 454 sequencing were not recovered in the clone
library or found in low amounts. In our case it became clear
that there are strong limitations when using a clone-based
Sanger sequencing approach, but nevertheless, the utility of
long sequences, especially for unknown species, should not be
overlooked as they provide the phylogenetic context for 454
sequence taxonomic affiliation.
In conclusion, for a better understanding of the dynamics of
AMF communities the characterization of their species is nec-
essary. This is especially important to compare among differ-
ent studies by ecologically meaningful diversity patterns. The
improvement of pyrosequencing methods with the goal of
obtaining longer reads will eventually permit accurate species
annotation. Using ~760 bp reads combined with the EPA ap-
proach allowed us to annotate sequences to both unknown and
described species with high resolution. Even though the ana-
lyzed samples were from sites with highly variable environ-
mental conditions, we could identify the members of a con-
served potato AMF core species community, composed of
two Acaulospora spp., C. nodosa and an unknown
Claroideoglomus sp., usually accompanied by one or more
Rhizophagus species. The identification and characterization
of the yet unnamed AMF species associated with food crops
will facilitate a selective design of AMF inoculum and appli-
cation schemes with the purpose of improving sustainable
agricultural practices.
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